Though the application of bimetallic nanoparticles is becoming increasingly important, the local atomistic structure of such alloyed particles, which is critical for tailoring their properties, is not yet very clearly understood. In this work, we present detailed study on the atomistic structure of Au-Cu nanoparticles so as to determine their most stable configurations and the conditions for obtaining clusters of different structural variants. The dynamic behavior of these nanoparticles upon local heating is investigated. AuCu nanoparticles are characterized by high resolution transmission electron microscopy (HRTEM) and energy filtering elemental composition mapping (EFECM), which allowed us to study the internal structure and the elemental distribution in the particles. Quantum mechanical approaches and classic molecular dynamics methods are applied to model the structure and to determine the lowest energy configurations, the corresponding electronic structures, and understand structural transition of clusters upon heating, supported by experimental evidences. Our theoretical results demonstrate only the core/shell bimetallic structure have negative heat of formation, both for decahedra and octahedral, and energetically favoring core/shell structure is with Au covering the core of Cu, whose reverse core/shell structure is not stable and may transform back at a certain temperature. Experimental evidences corroborate these structures and their structural changes upon heating, demonstrating the possibility to manipulate the structure of such bimetallic nanoparticles using extra stimulating energy, which is in accordance with the calculated coherence energy proportions between the different configurations. Microsc. Res. Tech. 69:522-530, 2006. V V C 2006 Wiley-Liss, Inc.
INTRODUCTION
In the emerging field of new materials, designing, synthesis, and atomistic characterization of nanostructures have become very important, because the manipulation of structure has a direct effect in their macroscopic properties. In fact, the physical and chemical properties of nanoparticles are directly related to their chemical composition, size and volume, and surface structural characteristics. Therefore, an integrated investigation by combining experimental and theoretical approaches is vitally important for understanding their unique structures and properties. In the recent years, the synthesis of bimetallic nanoparticles has been very successful in obtaining small particles of multiple elements (De Meijer et al. 1997; Link et al. 1999; Ruiz et al. 2002) , followed by analysis of their properties well supported by analytical and theoretical methods Liu et al. 2001) . Particularly, the case of AuCu nanoparticles has attracted vast attention because of the possibility of using them in catalysis and other fields. Copper and gold alloyed structure is a typical example for investigating short-range ordering. In a previous work, we reported the synthesis and internal structure characterization of AuCu nanoparticles (Pal et al. 2004) , identifying the main formation shapes as decahedrons and truncated octahedrons. The evidences demonstrated that the structure is directly related with the proportion of Au and Cu atoms. However, an important question that arises when the synthesis involves two different elements is how the elements are distributed in the particle and on the surface? The different configurations would imply significant differences in the possibility to apply them, since the exposed atoms and the corresponding electronic distribution will be varied in a large degree for different configurations. Gonella et al. (1999) have reported an interesting study about the stability of AuCu nanoparticles by ion implantation, and even when they claim that the production of core-shell systems are consequence of the previous alloy formed clusters, they propose the highly stable structures only when a shell of Au over a core of Cu; however, this study is based on the annealing in oxygen and hydrogen atmospheres, where the effects of interaction with the gases contribute to the final structure.
Because of the size and structural complications of nanoparticles, the understanding of this problem has not been addressed satisfactorily. Fortunately, the modern advanced analysis techniques using electron microscopy (José-Yacamá n et al. 2002) , together with the actual capacity of computation that allows the use of quantum mechanics and molecular dynamics for the study of relatively big clusters , provide a powerful approach for investigating the structure of nanoparticles. It is now possible to match experimental results with theoretical calculations for a better understanding of the structure.
In this work, we study the atomistic structure of AuCu nanoparticles with help of theoretical modeling and experimental methods, particularly high resolution electron microscopy (HRTEM) and energy filtering elemental composition mapping. The stable configurations and their behavior upon energy stimulation process are studied for AuCu clusters of different compositions.
METHODS Experimental
The synthesis of bimetallic Au-Cu colloidal particles was made by simultaneous reduction of corresponding metal chloride salts in presence of polyvinyle-pyrrolidone (PVP), as reported in detail elsewhere (Pal et al. 2004) . Structural characterization of the samples was made using a Schottky field emission Jeol JEM 2010-F microscope with analytical equipments attached. The samples were prepared by spreading a droplet of colloidal solution of AuCu nanoparticles onto a carbon film supported by a Cu grid and subsequent drying in vacuum. The samples were analyzed by high resolution microscopy and the elemental composition was mapped by high angle annular dark field imaging and the energy filtering technique. The high resolution electron microscopy (HREM) images were processed by digital methods in the real and Fourier spaces.
Theoretical
To determine the electronic structure and orbital distribution differences among core-shell clusters and AuCu alloy-based nanoparticles, we used the DMol3 method, which is a quantum mechanical method based on the density functional theory (DFT); we have also used a local density approximation with the Perdew Wang exchange-correlation functional (Delley, 1990 (Delley, , 2000 DMol3, 1999; Perdew et al. 1996) . Geometry optimization and a single point energy calculation were performed in order to identify the lowest energy configuration with its highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO respectively) distributions for both the pure and bimetallic core-shell and alloyed cluster configurations. The evaluation of the HOMO and LUMO gap allows understanding the optical, electronic, and chemical selectivity characteristics of small clusters, which help us in the understanding of the physicochemical properties of the materials.
For bigger clusters, molecular dynamics simulation was employed. Interatomic interactions between Au and Cu were described by a simple analytical embedded-atom method (EAM) developed by Cai and Ye (1996) . The model includes a long-range force. In this model, electron-density function is taken as decreasing exponential function; two-body potential is defined as a function given by Rose et al. (1984) , and embedding energy is assumed to be a universal form suggested by Banerjee and Smith (1988) . The alloy model of Johnson (1989) is applied and an extra parameter is introduced in order to fit dilute-limit heats of solution. For the AuCu compounds, the predicted heats of formation are in reasonable agreement with first principle calculations and experimental data, and consistent lattice constants are predicted. The Au-Cu alloying potential can be used in a wide range of components with a great accuracy. The MD simulations were performed using XMD developed by Riffkin (2003) . The program employs a predictor-corrector algorithm to integrate the equation of motion. A time step of 5 3 10 À15 s (5 fs) was used.
RESULTS AND DISCUSSION Nanoparticle Characterization TEM images were obtained for the samples in order to study the size distribution of the produced particles, which usually depends on the reduction method and the elemental composition. Three different proportions of Au and Cu were used and evaluated by these analyses, demonstrated in an earlier report (Pal et al. 2004 ) that both compositions produce small particles. In Figure 1 , a low magnification TEM image for the Au-Cu samples is shown together with a size distribution plot for the Au-Cu proportions cluster synthesized. It is clear that the smallest particles are obtained for AuCu, but in all the cases we found aggregates smaller than 15 nm.
Stability of Nanoparticles
It is well known that in practice the different configurations of nanoparticles coexist in a sample because not in all of the cases the clusters would be in the minimized energy configurations. However, an important parameter we are including in this study is the atomistic distribution of the elements, inducing a significant difference on the electronic structure, which has a direct influence over the chemical and physical properties, as can be observed by a simple inspection of frontier orbital distributions (and values) for Au-core/Cushell (Au/Cu) and Cu core/Au-shell (Cu/Au) and AuCu alloy-like structures. In Figure 2 we show the results of a DFT calculation for the minimized energy configurations of the eight different clusters. The figure includes the geometry optimized model and the corresponding electrostatic potential distribution for the structures: From the models we can identify that the pure element structures show minimum shape distortion, while the presence of two different elements induce important increasing of distortion mainly inducing a reduction of distance around the Cu atoms concentrically with exception of the two last structures that show the distortion per planes. Besides, the electrostatic potential distribution iso-surfaces denote a big homogeneity with well identified local negative sites in the central atoms of the {001} faces, which are bigger for the alloyed nanoparticles, and it is especially interesting the polarization produced in the layered alloys that show no concentric symmetry.
The values for the HOMO, LUMO, and the corresponding gaps are shown in Table 1 . Similarly, in the table the binding and the corresponding coherence energy are shown. The binding energy shows a contribution without element distinction and the energy required to form the bimetallic system allows understating better the stability of this kind of aggregates. In this way the most stable structures is the Au 19 Cu 36 alloyed cluster, while there are also two very stable configurations; the core-shell of Au 42 Cu 13 that correspond to Au external atoms and the layered alloy with Au 31 Cu 24 . It must be considered that these properties depend on the number of atoms, the corresponding size, and the atomistic distribution. These parameters are crucial in the formation of each type of nanoparticles . Besides, it is clear that the highest gap is for the case of Au 13 Cu 42 core shell structure that implies the high probability to be produced during a chemical synthesis (Vinod et al. 1998 ). The big difference between identified gaps represents an important electronic behavior, because for the different configurations, it predicts a quite different hardness for the material, which involves completely different kinds of induced catalysis effect (Gonzalo, 2003; Shaikhutdinov et al. 2003 ) and behavior in electronic devices (Ruiz et al. 2002) .
The structural configuration of nanoparticles (clusters) is determined by several factors such as the number of atoms and the energy variation between the constituent atoms. The apparently less probable structural configuration will have a higher energy. We believe that during the process of a chemical synthesis of nanoparticles, it is possible to produce both stable and less stable clusters. However, the production of the most stable configuration depends on the control of the atomic proportion, which is determined by the original precursor stoichometry. This indicates that the configuration of the clusters may be subjected to a dynamic change until a most stable configuration is reached.
To determine the morphology and tendency of the formation of Au-Cu bimetallic clusters, 262-atom decahedra and 861-atom octahedra with different composition and distributions were built for the afore-mentioned classic molecular dynamics simulation. These structures (Tables 2 and 3 ) include eutectic-like and core-shell-like configurations. In Tables 2 and 3 , the total cohesive energy, stoichiometric energy, and the corresponding formation energies are shown in order to determine the possibility to produce each one of them for both the cases (truncated octahedron and decahedron respectively). Our results revealed that only the core-shell like bimetallic structures have negative heat of formation, both for decahedra and octahedral, and the energetically favoring core-shell structure is with Au covering the core of Cu. However, the differences between the energies for all of the configurations are relatively low and the coexistence of these structures in synthesized samples must be common. As the critical number of atoms needed to produce each type of nanoparticles, the formation of both decahedrons and octahedrons is probable in the material, and the synthesis conditions will determine the kind of configuration based on the energy surface reduction capacity. For embedding atom model, the alloying pair potential determines the magnitude of chemical order. From our previous report it was seen that Au-Cu alloying pair potential is very close to the mathematics average of Au-Au and Cu-Cu pair potential, which indicates that the bimetal formation potential is very small and it must not affect the bimetal formation energy significantly. The other factor affecting bimetal formation is the incoherence of the structure, which may dominate the process of bimetallic aggregation and configuration. In fact, the nearest neighbor distances in AuCu alloy system are different from that of pure Au and Cu by 11.4% and 12.8%, respectively, which are large enough to generate a high structure incoherent energy. There exists structural incoherency for all of the structures treated here and the core-shell structures, where Au covering Cu has the minimum. This effect is attributed to the contraction of Au surface, leading to a good accommodation to the Cu core, which has a smaller nearest neighboring distance, hence producing a small structural mismatch for Cu Core. For the core-shell with Cu covering Au, Au core has a maximum structure incoherent energy. Generally speaking, structural incoherency dominates the formation of Au-Cu bimetal To confirm the mentioned theoretical results, AuCu nanoparticles were analyzed by HREM, searching for different structures. In Figure 3 , a couple of multiple twined nanoparticles are shown besides two truncated octahedron clusters. The shape and contrast are quite similar to the single element nanoparticles and the distances show a homogeneous distribution of values between both the Au and Cu, while just small differences are observed near to the edge of the particles. This behavior was expected as the difference in lattice constants between the two metals is small.
However, obtaining direct evidences of the elemental composition variations are not easy. We used the high angle annular dark field imaging in scanning TEM to identify the distribution of Au atoms, which are no easy to be distinguished from the Cu because of the small Z number difference as well as the variation in projected sample thickness, as can be seen in Figure 4a . It is likely that both elements are in the observed region. Energy filtering mapping method was used in order to recognize the core shell distribution, after a false color contrast. An elemental mapping for a big area is shown in Figure 4c , where different colors correspond to different elements; this must be considered that the contrast was improved for separating the signals of Au and Cu. It is clear from the image that there are regions with dispersed Cu, and the Au forms well defined clusters. The Au core-Cu shell configuration is clearly observed in the image for several particles. A couple of modeled structures are included inside the figure for clarity. This analysis allows us to confirm by a simple way the existence of bigger nanoparticles of Au core and Cu shell (marked with arrows) and the presence of common single element and alloy configurations in small clusters. The size and internal energy must be the determining factors for the coexistence of these clusters. However, for the smallest particles, the influence of the electron beam energy might be enough to produce perturbations in their shape and structure, which has been demonstrated in previous works Liu et al. 2002 Liu et al. , 2003 . Effect of the electron beam over the clusters is equivalent to an increase in temperature up to 100-2008C, interesting factor for the smallest clusters where the electron beam produces quasi-melting effects and even coalescence (Liu et al. 2003) .
To understand the atomistic behavior of Au/Cu nanoparticles under dynamical processes, calculations are made for the 262 atoms decahedron and the 861 atoms octahedron, core-shell configurations. In the Figure 5 , the plots of the corresponding calculated cohesive energy versus temperature are shown for the cases of Au/Cu and also for Cu/Au configurations. The analysis shows a quite interesting effect for the clusters of Au core-Cu shell structures that present a singularity when the temperature passes through 550 K to 600 K, where the energy suddenly decreases from À3.29 eV to À3.40 eV for the Au 99 Cu 163 decahedron (Fig. 5a) . A similar effect is observed for the octahedron when the Au 385 Cu 476 reaches 620 K until 680 K, reducing its energy suddenly from À3.48 eV to À3.55 eV. These changes are not observed for the Cu core-Au shell case, where the energy increases with an almost constant rate as it was expected for both the structures.
Through the observation on the trajectories of the earlier mentioned processes, it is found that the sudden drops in energy for Au core-Cu Shell structure are induced by the position reversions of shell atom and core atom, that is, the atoms Au on shell enter into the core and finally are covered by atoms Cu. It demonstrates from the point of view of dynamics our conclusion that Au core/Cu shell structures are not stable and can not exist at a certain high temperature.
To acquire experimental evidence of the afore mentioned structural transition, we used the same electron beam in the microscope, focusing the spot on a small nanoparticle. The Figure 6 shows the sequence of a cluster with originally fcc like contrast, and two posterior stages after 2 and 5 min of electron beam irradiation. We improved the contrast of the particle and enhanced the internal structure by means of a digital processing in the real and Fourier spaces. It is clear that the parallel lines of the early stage cluster (Fig.  6a) correspond to that of the fcc particle, while in the second stage the defects appear (Fig. 6b) ; however, the corresponding image of the cluster after 5 min of irradiation shows significant structural change, which is more associated to multiple twined nanoparticles.
These evidences demonstrate the structural transformation in AuCu nanoparticles, and suggest that the HOMO-LUMO gap, chemical potential, and the reaction capacity of the bimetallic nanoparticles can be locally modified by a simple local heating process.
This observed effect is entirely related to the structure energy incoherency calculated for the clusters, which must dominate the total energy of the clusters when there is extra stimulating energy, reducing the internal strain and finding the lowest energy configuration. This behavior has been widely studied for single element nanoparticles; however, the observation of this effect in bimetallic nanoparticles is new and is influenced by the different atomic radius of components. Such structural changes of bimetallic nanoparticles have significant impact to their applications. 
CONCLUSIONS
Through quantum mechanical calculations, we have demonstrated the differences between nanoparticles with same number constituting atoms but different atomic distributions. While the energy invested to form bimetallic clusters is lower for a couple of alloy-like structures and the Au shell over the Cu core, the HOMO-LUMO gap suggest the possibility to generate an Au core Cu shell configuration. Our analysis reveals that the structural incoherency dominates the formation of Au-Cu bimetallic clusters, and the core-shell is the energetically most favorable configuration. Even the Cu core-Au shell structure is more favorable, other structures may coexist in the synthesized bimetallic colloids because of the small difference between the configuration energies of different structures. The theoretical prediction of coexistence of fcc-like and multiple twined AuCu nanoparticles similar to the case of reported monometallic nanoparticles is supported by the experimental observations. We could identify the existence of octahedral and decahedral AuCu clusters experimentally. Even when the classical calculations and previous authors consider not possible, we demonstrate the existence of Au core-Cu shell structures along, by using energy filter images, with other configurations in synthesized colloidal AuCu clusters. During theoretical heating processes, it was found that Au core Cu shell structures are not stable and can not persist, and they suddenly transform into its core shell reversion structure at a certain high temperature. On exposing the nanoparticles to the electron beam, we have observed a similar dynamic process.
With the help of theoretical and experimental methods, we report here an in-depth analysis of atomistic distribution in Au-Cu nanoparticles, including their stability and dynamical behavior.
